The ring closure reaction of C4H 3 with acetylene to give phenyl radical is one proposed mechanism for the formation of the first aromatic ring in hydrocarbon combustion. There are two low-lying isomers of C4H 3 ; l-dehydro-buta-l-ene-3-yne (n-C4H3) and 2-dehydro-buta-1-ene-3-yne (iso-C4H3). It has been proposed that only n-Call3 reacts with acetylene to give phenyl radical, and since iso-C4H 3 is more stable than n-C4H3, formation of phenyl radical by this mechanism is unlikely. We report restricted Hartree-Fock (RHF) plus singles and doubles configuration interaction calculations with a Davidson's correction (RHF+I+2+Q) using the Dunning correlation consistent polarized valence double zeta basis set (cc-pVDZ) for stationary point structures along the reaction pathway for the reactions of n-C4H 3 and iso-C4H 3 with acetylene. n-C4H 3 plus acetylene (9.4) has a small entrance channel barrier (17.7) (all energetics in parentheses are in kcal/mol with respect to iso-C4H 3 plus acetylene) and the subsequent closure steps leading to phenyl radical (-91.9) are downhill with respect to the entrance channel barrier. Iso-C4H 3 plus acetylene also has an entrance channel barrier (14.9) and there is a downhill pathway to l-dehydro-fulvene (-55.0). 1-dehydro-fulvene can rearrange to 6-dehydro-fulvene (-60.3) by a 1,3-hydrogen shift over a barrier (4.0), which is still below the entrance channel barrier, from which rearrangement to phenyl radical can occur by a downhill pathway. Thus, both n-C4H3 and iso-C4H 3 can react with acetylene to give phenyl radical with small barriers.
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I. INTRODUCTION II. COMPUTATIONAL DETAILS
The formation of the first aromatic ring (phenyl radical)
is widely believed to be the rate limiting step in the formation of soot in hydrocarbon combustion. One mechanism for the formation of phenyl radical involves the stepwise addition of acetylenes) One possible pathway is the reaction of the vinyl radical with acetylene to give C4H 3 followed by subsequent addition of another acetylene and ring closure to give phenyl radical. Another pathway to C4H3 is the reaction of vinylidene with acetylene to give vinylacetylene (buta-l-ene-3-yne), 2 which can be converted to C4H 3 (1-or 2-dehydro-buta-l-ene-3-yne) by abstraction of a hydrogen.
Note that reaction of acetylene with itself does not occur by any low energy pathway, and vinylidene is 43 kcal/mol above acetylene; 2'3 thus, the formation of vinylacetylene from two acetylenes requires a moderate activation energy.
The structure and properties of C4H 3 have been studied by Ha and Gey 4 using PUMP4/6-31G** theory. They find two low-lying isomers 1-dehydro-buta-l-ene-3-yne (n-C4H3) and
2-dehydro-buta-1-ene-3-yne (iso-C4H3). Iso-C4H 3 is found to be 7.3 kcal/mol below n-C4H3 (including zero-point effects).
Miller and Melius 5 also noted that iso-CaH 3 is thermodynamically more stable than n-C4H 3 and thus most of the CnH 3 should be in the form of the iso isomer even at combustion temperatures. Thus, it is of interest to study the reaction of both iso-C4H 3 and n-CnH 3 with acetylene, as discussed herein.
In Sec. II the technical details of the calculations are discussed, while Sec. III discusses the results, and Sec. IV concludes the paper.
Two different basis sets were used in these calculations.
The stationary points were located with restricted Hartree- The geometry optimizations used the SIRIUS ABACUS system of programs, 8 while the ICCI calculations were carried out with MOLPRO. 9'10 All electrons were correlated except for the C ls like electrons. A multireference analog of the Davidson's correction u was added to the ICCI energies and is denoted by + Q. The stationary points structures for the reaction of iso-C4H 3 with acetylene are shown in Fig. 1 , while those for the reaction of n-C4H 3 with acetylene are shown in Fig. 2 . Figure 3 shows the stationary point structures for the conver- Consider first the entrance channel barriers for the reaction of n-C4H 3 and iso-C4H 3 with acetylene, n-C4H 3 plus acetylene is 9.4 kcal/mol above iso-CaH3 plus acetylene, but the barrier to addition is 14.9 kcal/moi for iso-C4H 3 plus acetylene and 8.3 kcal/mol for n-C4H 3 plus acetylene. The higher barrier for iso-C4H 3 plus acetylene probably results from larger nonbonding interactions between the two acetylenic groups, which come closer together in the iso-C4H 3 plus acetylene case. This is reflected in the larger angle between the acetylenic groups in Fig. 1 as compared to Fig. 2 .
III. DISCUSSION
Addition of n-Call 3 to acetylene leads to min2. Inversion about the CH group of C 1 interconverts min2 and min4 with a barrier of 4.2 kcal/mol. Min4 closes to min5 (phenyi radical) with only a small barrier. Thus, this reaction path leads to phenyl radical with no barrier other than the entrance channel addition barrier.
Addition of iso-CaH 3 to acetylene leads to mini. Minl is connected to rain3 by sp3. The conversion from mini to min3 involves an inversion of the CH group about CI. This involves only a 4.6 kcal/mol barrier. Sp6 connects min3 to min6 (1-dehydro-fulvene). Sp7 is the saddle point for a 1,3hydrogen shift which connects min6 (l-dehydro-fulvene) to min7 (5-dehydro-fulvene) . This process involves a large barrier; sp7 is 4 kcal/mol above iso-C4H 3 plus acetylene, but still below the entrance channel saddle point, so this channel is energetically accessible.
Min7 can convert to min8 via sp8. Min8 is the same structure as rain4 in the n-C4H3 plus acetylene reaction pathway. This can then convert to phenyl radical via a downhill pathway. Thus, both iso-C4H 3 plus acetylene and n-CaH3plus acetylene can give phenyi radical by pathways which involve no barriers, which are larger than the entrance channel addition barriers.
Sp9 is a saddle point connecting mint to min9 (2dehydro-fulvene). Sp9 is 17.7 kcal/mol above iso-CaH 3 plus acetylene, which is still below the entrance channel saddle point. However, sp9 is a second order saddle point, i.e., it has two negative eigenvalues [see Table l(a)] one of which leads to symmetry breaking. Thus, there may be a lower energy path to rain9 if the symmetry is lowered. This point was not examined further in this work. Spl0 connects min9 to minl0. FIG. 6. Energetics from SDCI+Q calculationswith the cc-pVDZ basis set for the conversion of min6 to mini0.
IV. CONCLUSIONS
The ring closure reactions of i-dehydro-buta-l-ene-3yne (n-C4H3) and 2-dehydro-buta-l-ene-3-yne n-C4H 3 plus acetylene (9.4) has a small entrance channel barrier (17.7) (all energetics in parentheses are in kcal/mol with respect to iso-C4H 3 plus acetylene) and the subsequent closure steps leading to phenyl radical (-91.9) are downhill with respect to the entrance channel barrier. Iso-CaH 3 plus acetylene also has an entrance channel barrier (14.9) and there is a downhill pathway to I-dehydro-fulvene (-55.0).
I-dehydro-fulvene can rearrange 6-dehydrofulvene (-60.3) by a 1,3-hydrogen shift over a barrier (4.0), which is still below the entrance channel barrier. 6-dehydro-fulvene can rearrange to phenyl radical via 1-dehydro-hexa-l,3-diene-5yne (-27.0). Thus, both n-Call 3 and iso-C4H 3 can react with acetylene to give phenyl radical with small barriers. With respect to iso-CaH 3 plus acetylene, all of the open structures (minl, min3, min8=min4, and minl0) are from 27.0 to 32.6 kcal/mol lower, while the dehydro-fulvene structures (min6, min7, and min9) are from 55.0 to 60.3 kcal/mol lower, and the phenyl radical is 91.9 kcal/mol lower, respectively. Thus, since all these structures can interconvert with barriers below the entrance channel barrier, the ultimate product is expected to be phenyl radical, although other C6H 5 species may still play a role as reactive intermediates. 
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